The two main histological types of infiltrating breast cancer, lobular (ILC) and the more common ductal (IDC) carcinoma are morphologically and clinically distinct. To assess the molecular alterations associated with these breast cancer subtypes, we conducted a whole-genome study of 166 archival estrogen receptor (ER)-positive tumors (89 IDC and 77 ILC) using the Affymetrix GeneChip ® Mapping 10K Array to identify sites of loss of heterozygosity (LOH) that either distinguished, or were shared by, the two phenotypes. We found single nucleotide polymorphisms (SNPs) of high-frequency LOH (>50%) common to both ILC and IDC tumors predominately in 11q, 16q, and 17p. Overall, IDC had a slightly higher frequency of LOH events across the genome than ILC (fractional allelic loss 5 0.186 and 0.156). By comparing the average frequency of LOH by chromosomal arm, we found IDC tumors with significantly (P < 0.05) higher frequency of LOH on 3p, 5q, 8p, 9p, 20p, and 20q than ILC tumors. We identified additional chromosomal arms differentiating the subtypes when tumors were stratified by tumor size, mitotic rate, or DNA content. Of 5,754 informative SNPs (>25% informativity), we identified 78 and 466 individual SNPs with a higher frequency of LOH (P < 0.05) in ILC and IDC tumors, respectively. Hierarchical clustering of these 544 SNPs grouped tumors into four major groups based on their patterns of LOH and retention of heterozygosity. LOH in chromosomal arms 8p and 5q was common in higher grade IDC tumors, whereas ILC and low-grade IDC grouped together by virtue of LOH in 16q. Published
INTRODUCTION
Infiltrating lobular carcinoma (ILC) differs both morphologically and clinically from the more common infiltrating ductal carcinoma (IDC) in breast cancer. ILC is more likely to be bilateral, multicentric, and diploid than IDC. Also, ILC tumors have a pattern of metastasis to bone, gastrointestinal tract, and ovary that is different from that of IDC (Harris et al., 1984; Arpino et al., 2004) . The widely infiltrative growth of individual and small rows of lobular cancer cells through breast stroma results in a low detection rate by clinical exam or by mammography (Porter et al., 1999) . Given that ILC typically has favorable prognostic indicators (Arpino et al., 2004) , a more favorable relationship with survival and recurrence would be expected. A survival advantage has been associated with good prognosis in some studies but not in others (Mersin et al., 2003; Li et al., 2003b; Arpino et al., 2004; Cristofanilli et al., 2005) , indicating that other, as yet unknown, factors might distinguish ILC from IDC.
Historically, ILC has accounted for between 5 and 14% of breast cancers (Harris, et al., 1992) , but recent analyses of Surveillance Epidemiology and End Results (SEER) data indicate that ILC incidence rates have increased rapidly over the past two decades in the United States (Li et al., 2003a) , primarily in women over age 50. This differential increase in older women is in keeping with recent studies that have implicated combined (estrogen/ progestin) hormone replacement therapy (CHRT) as a risk factor for lobular type breast cancer (Chen et al., 2002; Li et al., 2003b : WHI Steering Committee 2004 .
Although a few studies have compared molecular alterations between the two subtypes and have generated some information about differences in the frequency and locations of genomic alterations, the small number of ILC tumors and the limited number of loci interrogated in most studies have limited the comprehensive evaluation of genomic differences between ILC and IDC (Gunther et al., 2001; Loo et al., 2004; Roylance et al., 2006) .
One of the most common alterations in breast cancer is allelic imbalance or loss of heterozygosity (LOH). An LOH event can be associated with either a gene copy number loss or amplification. LOH has been shown to occur in precancer lesions of the breast and in normal epithelium of women with breast cancer (Deng et al., 1996; O'Connell et al., 1998) . The profile of the most common LOH events in breast cancer includes losses in chromosome arms, 1q, 3p, 6q, 11p, 13q, 16q, 17p, 17q, and 18q (Devilee and Cornelisse, 1994) , but the contribution that ILC makes to that overall profile is small, given the low number of lobular cancers included in virtually all studies assessing allelic imbalance.
To gain a better understanding of allelic imbalance events inherent in the lobular subtype of breast cancer, we compared LOH profiles of flow cytometrically sorted ER-positive ILC and IDC tumors derived from a population-based sample. Restricting the analysis to ER-positive tumors allowed us to assess similarities and differences in LOH events between the subtypes not confounded by differences due to the ER status of the tumors.
MATERIALS AND METHODS

Patient Population
Participants in this study were drawn from a population-based case-control study designed to examine the relationships of risk factors and histological type of breast cancer. The methods used to select, enroll, and interview participants have been described in detail elsewhere (Li, et al., 2008) . The study included ILC (ICD-O histology code 8520/3) and IDC cases (ICD-O histology code 8500/3) 55-74 years of age, ascertained through our population-based cancer registry for 13 western Washington counties and diagnosed between January 2000 and March 2004 . This analysis was restricted to the 77 ILC and 89 IDC cases for whom we had sufficient tumor tissue to conduct this work and who had an available blood specimen. All participants consented to tumor-and blood-sample testing.
Pathology Review for Histological Diagnosis/Tumor Characteristics
To verify histological diagnoses for all tumors, pathology reports and histology slides underwent centralized pathology review by the four pathologists (PLP, MGL, XY, TL), using published criteria for ILC and IDC tumors (Page and Anderson, 1987) . Histological grade was assessed for IDC tumors using the Nottingham grading scheme (Elston and Ellis, 1991) . After agreement by all study pathologists on diagnostic criteria, the histology of each case was assessed by review of all submitted slides by one of two staff pathologists (MGL, XY). A second review of the diagnosis and histological grade of each case was done by the study pathologist (PLP). Discrepancies between the initial and second assessments were resolved by consensus review or submitted for additional review to the study's consulting pathologist (TL). All reviews were conducted independently.
The components of clinical stage: tumor size, lymph node metastasis, and distant metastasis were obtained from SEER and/or original pathology reports.
Immunohistochemistry
To verify the steroid-receptor status of all tumors, immunohistochemistry (IHC) for the expression of estrogen receptor (ER) (ER1D5, AMAC, Inc) (Andersen and Poulson, 1989) and progesterone receptor (PR) (1A6 NovoCastra Lab) (Giri et al., 1988) was done on a representative block for each tumor using standard IHC techniques including antigen retrieval (Hsu et al., 1981; Taylor et al., 1994) . Positive and negative controls were included for each antibody.
Flow Cytometric Cell Sorting and DNA Extraction
Tumor cells were collected by flow sorting based on cytokeratin and DNA content, which enriches the sample for tumor cells while excluding contaminating stromal and lymphocytic cells as described previously (Glogovac et al., 1996) . Cell populations were classified as diploid/near diploid (1.0 DNA Index (DI) 1.39) and aneuploid (DI > 1.39 or DI < 1.0). If a tumor contained multiple populations with different ploidy, the most prevalent aneuploid population was assayed. DNA was extracted from the sorted tumor cells (a minimum of 100,000 cells per tumor) using the QIAamp DNA Micro kit (Qiagen, Valencia, CA) with modifications. Briefly, tumor cells were extracted in Qiagen ATL buffer with the addition of proteinase K (20 lg/ll), and two additional proteinase K applications at 6 and 24 hr, while being mixed at 350 rpm (Eppendorf Thermomixer R, Westbury, NY) at 568C for a total of 45 hr. Tumor DNA was then extracted based on the manufacturers' recommendation. We quantified tumor genomic DNA by real-time PCR (Applied Biosystems, Foster City, CA) using two chromosome 2 specific probes at 2p25.3 (29,907-30,162) and 2q31.1 (21,407,882-21,408,181) with normal human female genomic DNA (Promega, Madison, WI) as the reference. Normal genomic DNA from peripheral blood lymphocytes (PBLs) was extracted and purified with the QIAamp DNA Blood Midi Kit (QIAGEN, Valencia, CA), DNA from the tumor cell sample and the blood sample from each subject was aliquoted and stored at -808C prior to assay.
SNP Array Assay
The GeneChip 1 Mapping 10K Assay (Affymetrix, Santa Clara, CA), or Map 10K array, was performed as recommended by the manufacturer. Two DNA samples from each woman (tumor and PBL) were assayed on separate arrays. Purified genomic DNA (200-250 ng) was digested with the XbaI restriction enzyme, and then amplified by ligation-mediated PCR. As recommended by the manufacturer, multiple PCR reactions were pooled more if necessary for the formalin fixed paraffin embedded (FFPE) samples, to obtain 20 lg of PCR product for labeling and hybridization to the GeneChip 1 Human Mapping 10K Array Xba131 Version 1.0 (40 tumors) or Xba 142 Version 2.0 (126 tumors). Arrays were scanned with an Affymetrix GeneChip Scanner 3000 7G using GeneChip Operating System (GCOS) 1.3 and analyzed with Affymetrix GeneChip 1 DNA Analysis Software (GDAS) 3.0. Version 1.0 and Version 2.0 share 9,706 SNPs, which were analyzed here. The genetic map used in the analysis was obtained from GeneChip Mapping 10K library files: Mapping10K_Xba131 or Mapping10K_Xba142.
To ensure that the DNA from FFPE samples was compatible with the Map 10K array, we tested DNA from paired fresh and FFPE samples of four human cell lines (X-chromosome aneusomy cell lines, Coriell Cell Repositories, Camden NJ) on the array. The FFPE samples were processed using the same procedures as those used for tumor samples including embedding in paraffin. There was high concordance for the genotype calls (99%) between the matched FFPE and frozen samples and excellent reproducibility in four samples done in duplicate on different days (data not shown).
Short Tandem Repeat (STR) Validation Assays
To validate the array findings, we assayed for LOH using microsatellite markers (short tandem repeats or STRs) for multiple locations of a subset of the 166 cases. Seventy tumor samples were assayed with fluorescent primers (Operon Technologies, Alameda, CA) and standard PCR reactions, for the following STR markers in these chromosomal locations: 2q34.35 (D17S1322 and D17S932), 16q22.1 (D16S767 and D17S932), and 17q21 (D2S2319 and D16S767). Forty-three tumor samples were assayed at 6q25.1 (D16S496). DNA from PBLs served as the constitutive normal genomic DNA for comparison with tumor sample. Primer sequence, map location (in Mb), and additional information associated with the STR markers can be obtained at National Center for Biotechnology Information (NCBI; http://www.ncbi.nlm.nih.gov/).
Statistical Analysis
An LOH event at a specified SNP for a tumor was defined as a SNP with a heterozygous (AB) genotype in the constitutive blood DNA and homozygous (AA or BB) genotype in the tumor. Genome-wide fractional allelic loss (FAL) was calculated by taking the ratio of the number of SNPs exhibiting LOH and the total number of informative SNPs in the whole genome for each tumor. FAL was also calculated for each chromosomal arm by using the SNPs on that arm only. Two-sample t statistics were used to assess the significance of the mean differences of FAL between ductal and lobular subtypes and following stratification by the categorized DI (diploid/near diploid versus aneuploid), mitotic rate (low versus intermediate or high), and tumor size T1a/T1b (2.0 cm), T1c (2.1-5.0 cm), and T2/T3, (>5.0 cm). The two-sample t statistics were also used to assess the association of FAL with DI and mitotic rate stratified by ILC and IDC status. The F-test was used to assess FAL in relation to tumor size stratified by ILC and IDC status.
The association of LOH at individual SNPs with lobular and ductal subtypes was also examined using a likelihood-ratio test statistic based on the logistic regression model. SNPs with informativity less than 25% across tumors were excluded to ensure an adequate sample size. The validity of this test statistic for our data was examined by randomly permuting the ILC and IDC status of these tumors while maintaining the same informativity and frequency of LOH for each SNP. The P values were uniformly distributed, indicating that the test statistic is adequate in testing the differences of LOH frequencies at each SNP between ILC and IDC tumors with our data (results not shown). Genesis (http://genome.tugraz.at) was used for hierarchical clustering to group tumors based on the SNPs that show significant differences in LOH between ILC and IDC at level 0.05.
P values in all results are two-sided and considered statistically significant if they were less than 0.05 level. For individual SNP and subtype association, the proportion of SNPs of statistical significance at level 0.05 was compared to the expected proportion of false positives when no association exists between LOH and breast cancer subtypes. Because this study will be used to generate hypotheses for future studies, multiple comparison adjustment was not explicitly performed. This minimized the number of false negative results. All analyses were performed using an OpenSource R package which can be downloaded at http:// www.r-project.org/.
The software dCHIP was used to obtain copy number (CN) information for each SNP . The Circular Binary Segmentation (CBS) method (Olshen et al., 2004) was used to smoothen the original copy number data into segments of similar copy number. CBS is a modified binary segmentation procedure to find two change-points at a time by considering the spliced segment as a circle. The R package DNAcopy (http://bioconductor.org/) was used for this procedure with the recommended default settings, with one exception, alpha was set as 0.05. Segmented copy number was categorized as ''Gain'' (CN 3.0), ''No Change'' (1.0 < CN < 3.0), and ''Loss'' (CN 1.0), assuming diploid CN 5 2.0.
RESULTS
Clinical Characteristics of the Lobular and Ductal Tumors
One hundred and sixty-six (77 ER-positive ILC and 89 ER-positive IDC) women with ER-positive breast cancer tumors in the parent population study had DNA yield and quality sufficient for array testing. Within the group of Map10K-tested tumors, the ILC tumors were more likely than the IDC tumors to be larger, to exhibit a lower mitotic rate, and to have diploid/near diploid DNA content (Table 1) . IDC and ILC tumors in the tested group did not differ significantly with respect to stage of disease, lymph node status, histological grade, or PR status. To determine the relevance of the results reported here to the general population of women with breast cancer, we compared the characteristics of the tested and untested IDC and ILC groups. The tested IDC tumors were more likely to have a higher stage (P 5 0.02), higher histological grade (P 5 0.02), and higher mitotic rate (P 5 0.01) than the untested IDC group. There were no statistically significant differences between the tested and untested ILC tumors.
Reproducibility and Accuracy of LOH Identification from Archival Samples by Map 10K Array
To test the accuracy of LOH calls by the Map 10K array for the FFPE tumor samples, we performed STR genotyping at loci in or near four genes: 70 tumor/control pairs at BRCA1 (17q21), CDH1 (E-cadherin; 16q22.1), and BARD1 (2q34.35), and 43 tumor/control pairs at ESR1 (6q25.1). The LOH calls for each STR were compared on a case-by-case basis to infer calls by the Map 10K based on the flanking SNPs. The concordances in LOH calls by Map 10K array and STR were: BRCA1 (D17S1322) 89%, (D17S932) 85%; CDH1 (D16S767) 100%, (D17S932) 100%; BARD1 (D2S2319) 100%, (D16S767) 100%; and ESR1 (D16S496) 96%. The strong concordance of the LOH calls from the Map 10K array with an alternative and established method for determining regions of LOH supported our confidence in the identification of LOH with the Map 10K array.
We examined the SNP call rate as a measure for the performance of the Map 10K Array for the 166 archival ER-positive breast tumors. The call rate was defined as the percentage of SNPs given a genotype call (''AB,'' ''AA,'' or ''BB'') on the array and was generated automatically for each array by the GDAS software. Similar to a previous report (Thompson et al., 2005) , the SNP call rates in this study were comparatively lower for the FFPE samples (median call rate 86%; range 60-99%) than the constitutive normal PBL samples (median call rate 97%; range 82-100%). This was likely due to the compromised quality and quantity of DNA from the FFPE samples compared to the frozen, non-FFPE, constitutive normal PBL DNA.
Sites of High Frequency LOH in ER-Positive ILC and IDC tumors
SNPs showing high frequency of LOH (informativity > 25% and with LOH frequency 50%) were identified in ILC (165 SNPs) and in IDC (200 SNPs) (Supplemental Data 1). Table 2 shows the cytogenetic band locations of the SNPs with high frequency LOH for ILC and IDC tumors. We observed SNPs with high frequency LOH that were common to both histological subtypes (SNPs in 11q, 16q, and 17p) and as has been reported previously, we observed these regions of common LOH events were associated with copy number ''loss'' and ''no change'' (Carter et al., 1994; Tomlinson et al., 1996; Roylance et al., 2006) . There were also SNPs for which LOH occurred predominantly and frequently in ILC (6q) or in IDC (8p, 13q). These results indicate that ILC and IDC ER-positive tumors share common sites of high frequency LOH in addition to LOH events occurring primarily in one histological subtype and not the other.
Differential LOH Frequencies Between ER-Positive ILC and IDC Tumors
To characterize further the differences in the frequency and location of LOH events between IDC and ILC, we calculated the average genomewide FAL for both tumor types. We found IDC had only slightly more LOH events than ILC tumors (FAL 5 0.186 vs. 0.156, respectively). The distribution of FAL across the genome for the two subtypes differs in shape: the tumors in the upper quartile range have fewer LOH events in ILC than IDC (FAL 5 0.204 and 0.499, respectively), although the distributions have nearly identical medians (FAL 5 0.152 and 0.151 for ILC and IDC, respectively) (Fig. 1A) .
We compared the average FAL for ILC and IDC for each chromosomal arm. Several chromosomal arms showed a relatively high frequency of LOH events (>25% FAL) for both ILC and IDC (6q, 11q, 16q, 17p, and 22q) , consistent with what was observed above in the genomic distribution of individual high-frequency LOH SNPs, but we also observed that IDC tumors have a significantly higher frequency (P < 0.05) of FAL than ILC on 3p, 5q, 8p, 9p, 20p, 20q (Fig. 1B) . Several chromosomal arms had a higher frequency of FAL for ILC (1q, 6q, 16p and q, and X) but the differences were Genes, Chromosomes & Cancer DOI 10.1002/gcc not significant. Taken together, these results indicate that significant differences in LOH frequency between ILC and IDC tumors can be detected in specific chromosomal arms.
We used categorized copy number data (see Materials and Methods) to assess genomic alteration events associated with the allelic loss on the six chromosomal arms with statistically significant differences in LOH frequencies between ILC and IDC. We observed the majority of LOH events to be associated with no copy number change (89 and 82%), for ILC and IDC respectively, with a lower percentage associated with copy number loss (11 and 17%), and dramatically lower with copy number gain (0.14 and 0.53%) for these six chromosomal arms, suggesting that the mechanism for the majority of observed LOH, associated with no copy number change, on these six chromosomal arms is the result of an initial deletion of one allele followed by reduplication of the remaining allele.
Differential LOH Frequency in Relation to Tumor Size, Mitotic Rate, or DNA Content
Three clinical characteristics, tumor size, mitotic rate, and DNA content, distinguished ILC and IDC tumors (Table 1) . We stratified the tumors based on these three clinical characteristics and compared both genome-wide and chromosomal arm-specific FAL for ILC and IDC tumors.
We compared the whole genome FAL for ILC and IDC tumors grouped in AJCC tumor size categories (T1a/T1b, T1c, and T2/T3) and found a strong correlation between increased genome-wide FAL and tumor size (P < 0.001) for the three size categories in IDC tumors (Fig. 1C) . This correlation was not observed in ILC tumors (P 5 0.210). The average FAL for individual chromosomal arms were determined for the tumor size groups to grossly map where there may be similarities or differences in the quantities and locations of these LOH events. We observed no significant differences in FAL at the chromosomal arms for ILC and IDC in the T1a/T1b size group. However, there were significant differences in three chromosomal arms (7p, 8p, 16q) in the T1c group and in nine chromosomal arms (3p, 5q, 8p, 9p, 13q, 15q, 18p, 20p, 20q) in the T2/T3 group (Table 3) . Overall these results indicate divergence of frequency and location of genomic alterations between the subtypes with increasing tumor size.
ILC tumors generally demonstrate low mitotic activity. For this study, 92% of the ILC tumors were in this category. We observed a significant difference (P < 0.001) in the genome-wide FAL between low versus inter/high mitotic rate IDC tumors, whereas ILC tumors stratified by mitotic rate did not show this difference (P 5 0.400) (Fig.  1C) . We observed significant differences in FAL between ILC and IDC for chromosome arms 1p, 7p, 8p, and 12q in the low mitotic rate group, and in 4q, 5q, 7q, 16q, 17q, 19p, 20p, and 20q in the high mitotic rate group (Table 3) .
DNA index is a quantitative measure of DNA content and was determined for all tumors during the flow sorting step. For the 77 ILC and 89 IDC tumors, 62 and 52 were diploid/near diploid and 15 and 37 were aneuploid, respectively. When tumors of each histological subtype were stratified by ploidy, we observed the aneuploid tumors of both ILC and IDC had a higher median whole genome FAL than the diploid/near diploid tumors in that subtype (Fig. 1C) . This difference between ploidy groups was statistically significant for IDC tumors (P 5 0.001), but not significant for ILC tumors (P 5 0.107). Two chromosomal arms (7p and 12q) showed significant differences (P < 0.05) in FAL between diploid ILC and IDC. Five chromosomal arms (8p, 13q, 16q, 20p, and 20q) showed significant difference (P < 0.05) in FAL between aneuploid ILC and IDC (Table 3) .
Identification of differences in LOH frequency and locations between ILC and IDC tumors measured by both whole genome and chromosomal arm FAL is most dramatic when comparing tumors with increased tumor size, mitotic rate, and ploidy.
Identification of Loci with Differential LOH Frequencies for ER-Positive ILC and IDC Tumors
In addition to the observed differences between ILC and IDC in overall or chromosome-arm specific FAL, we identified specific SNPs that showed differential LOH frequencies in ILC and IDC. We found that 9.5% (n 5 544) of SNPs with >25% informativity had statistically significant (P < 0.05) differences in LOH frequencies between ILC and IDC (Supplemental Data 2). This percentage of SNPs is much greater than the 5% expected if none of the SNPs is associated with subtype. These SNPs are distributed throughout the genome ( Fig. 2A) and of the 544 SNPs, 466 (86%) had a higher frequency of LOH in IDC, and 78 SNPs (14%) had a higher frequency of LOH in ILC (Table 4 ). The LOH frequencies for individual SNPs in each subgroup are plotted along the genome in Figure 2B to illustrate the differences in frequencies for the two subgroups at these SNPs. Pink and blue fill indicates a significantly higher frequency of FAL in ILC and IDC tumors, respectively, on the chromosomal arm.
Hierarchical clustering was performed using the 544 SNPs showing differential LOH to evaluate common patterns of LOH events and their association with tumor characteristics such as histology, grade, tumor size, mitotic rate, and ploidy (Fig.   2C ). The dendrogram shows that the 166 tumors form four major groups. Tumors in Group 1 are exclusively IDC, usually large (>2.0 cm), and have LOH primarily in 3p, 5q, and 13q. Group 2 consists primarily of IDC tumors (67%), the majority of virtually all showed LOH in 16q and a subset additionally had LOH in 8p.
DISCUSSION
In this study of ER-positive breast cancer, we used the Mapping 10K SNP microarray to assess the similarities and differences of allelic imbalance in ILC and IDC tumors across the genome. This study was unique in that the participants were drawn from a population-based setting, and tumors 19q 19q13.12, 19q13.2, 19q13.31, 19q13.33, 19q13.42, 19q13.43 were flow cytometrically sorted to provide a genomic profile with little or no contamination from normal cells. To our knowledge, this is the largest set of lobular breast cancers assessed for LOH by genome-wide SNP analysis.
Frequent Sites of LOH Common to Both Subtypes of ER-Positive Tumors
We identified genomic regions with a high frequency of LOH (50% FAL) in ILC and IDC tumors and show that there are several regions with an overall high frequency of LOH regardless of subtype (11q, 16q, and 17p) ( Table 2 ). Previous studies have reported allelic imbalance in regions on these chromosomal arms and suggested that they are components of early events in breast cancer formation (Fujii et al., 1996; Ando et al., 2000) . Because the majority of these reports focused on IDC tumors, and our study consists of a near equal number of IDC and ILC tumors, our data both complement and add to what was previously reported and suggest that these are events that are common to ER-positive breast cancers regardless of histological subtype.
We identified several sites of high-frequency LOH containing genes (within 100 kb up or downstream of the SNP) that have been implicated in tumorigenesis, including those involved in metastasis, GPR56 (16q12.2) (Xu et al., 2006) ; DNA damage/integrity, CHEK1 (11q24.2) (Petermann et al., 2006) ; and tumor suppression, WWOX (16q23.1) (Ramos and Aldaz, 2006) and RBl2 (16q12.2) (Jackson and Pereira-Smith, 2006) (Table 2 ). These findings are preliminary and further studies will be pursued to confirm the role of these genes in breast cancer It is apparent from our study and many others that 16q loss is a common and likely early event in ER-positive ILC and IDC breast cancer. In a highresolution assessment of gain and loss on 16q using array CGH virtually all of the 30 ILC tumors tested showed loss of 16q distal to approximately 57.5 Mb (Roylance et al., 2006) . Loss of the 16q arm was reported in 100% of 24 tumors containing both ILC and lobular carcinoma in situ (LCIS) (Hwang et al., 2004) . Low-grade IDC also showed frequent 16q loss and only subsets of high grade IDC exhibited loss at 16q (Roylance et al., 1999 (Roylance et al., , 2006 .
Aside from the morphological differences between ILC and IDC, one of the most established molecular distinctions is the expression of the E-cadherin protein (Berx et al., 1995) . In this study, we failed to observe a significant difference in the frequency of LOH for the SNPs neighboring to the CDH1 gene (16q22.1) between ILC and IDC tumors (94 and 81% upstream and 91 and 90% downstream of the CDH1 gene for ILC and IDC, respectively). The loss of E-cadherin protein expression in ILC tumors has been linked to LOH, mutation, hypermethylation, and transcriptional regulation (Korkola et al., 2003; Zhao et al., 2004) . Thus our data confirm earlier observations that loss of E-cadherin expression in ILC cannot be attributed solely to allelic loss, but must be the outcome of additional events that contribute to the loss of protein expression in ILC specifically.
Differential LOH Frequencies for ER-Positive ILC and IDC Tumors
In an earlier study using array CGH, we found that ER-positive ILC had a slightly higher overall frequency of genomic alterations (copy number gains and losses) than IDC tumors (Loo et al., 2004) . In this study, we observe an overall lower frequency of LOH in ILC than IDC tumors. However, a small number of ER positive ILC tumors (n 5 15) were included in the previous study, which likely accounts for the difference in the results.
Larger sample size in this study also allowed us to stratify the two histological subtypes by tumor size, mitotic rate, or DNA content and compare whole genome FAL quantities of ILC and IDC tumors. We observed a statistically significant trend for IDC tumors to have higher overall FAL with increasing tumor size, mitotic rate, and DNA content, whereas ILC tumors did not (Fig. 1) . These results indicate a fundamental difference in the dynamics and accumulation of LOH events between ILC and IDC, especially in large, highly proliferative tumors with a high DNA content.
When ILC and IDC were compared for FAL per chromosomal arm, IDC tumors had significantly more FAL than ILC tumors in 3p, 5q, 8p, 9p, 20p, and 20q (Fig. 1) . The most discriminating difference in FAL was on 8p. IDC tumors had significantly higher frequencies of LOH at the SNPs on 8p with and without stratification of tumors. Loss on 8p was identified in earlier studies using CGH and microsatellite markers in IDC tumors and proposed this location to be a potential site of tumor suppressor genes (Anbazhagan et al., 1998) . We identified several differential SNPs in 8p neighboring genes (within 100 kb up or downstream) involved in DNA-damage response and integrity including BRIT1/MCPH1 (8p23.1) involved in regulating the expression of CHK1 and BRCA1 and a proposed tumor suppressor in the ATM/ATR path-way (Xu et al., 2004; Rai et al., 2006) , and WRN (8p12), a key regulator of double-strand break repair , and PINX1 (8p23), a putative telomerase inhibitor shown to have reduced expression in gastric cancer (Banik and Counter, 2004; Kondo et al., 2005) . Perturbation of the protein expression, often associated with allelic imbalance, of one or more of these genes in IDC may contribute to the initiation and maintenance of increased numbers of genomic alterations associated with aneuploidy. This might be one explanation for the lower levels of aneuploidy observed in ILC tumors.
Similar to 8p, 5q showed more frequent LOH in IDC than ILC, both with and without stratification into size and mitotic-rate categories. Other studies have also identified genomic alterations on 5q to be associated primarily with ER-negative IDC breast tumors (Loo et al., 2004; Wang et al., 2004) . The IDC tumors in Group 1 with LOH at 5q could represent a small subset of ER-positive IDC tumors with genomic profiles that are more similar to ER-negative IDC tumors. These tumors also showed little or no LOH on 8p (Fig. 2C) . Two genes involved in DNA damage response and integrity, XRCC4 (5q14.2) and APC (5q22.2) (Jaiswal et al., 2005 ) neighbor individual SNPs with significantly different frequency of LOH by histological subtype and may contribute to genomic instability in this subset of IDC tumors.
The majority of ILC and low-grade IDC tumors (Fig. 2C ) appeared to have little or no LOH at the 544 distinguishing SNPs in 5q and 8p and a marked decrease in LOH events on other chromosomes. These data support an earlier observation that ILC and low-grade IDC tumors have fewer genomic alteration events, with the exception of allelic loss at 16q, which occurs at a higher frequency in ILC and low-grade IDC tumors (Buerger et al., 1999) . We observed a higher percentage of LOH across 16q in ILC (86%) and lowgrade IDC tumors (82%) compared to (77%) for inter/high grade IDC. In addition, similar to what we observed with Group 4 (Fig. 2C) , Fridlyand et al. (2006) observed high levels of 16q loss in a subset of ER-positive IDC tumors with low levels of whole genome copy number changes based on hierarchical clustering. They observed this subset to be associated with best patient outcome.
We believe that the reported genomic alteration events in IDC and ILC tumors reflect sites of allelic imbalance that are either shared or differentiate these two ER-positive histological subtypes of breast cancer. Although there are limitations to our study, including the moderate resolution of the array (newer versions of the array provide a more complete coverage with over 900K SNPs) and modest informativity (34%) of the SNPs on the array, our results help further to define the genotype of lobular breast cancer. These results can be used in future studies to help understand possible molecular events underlying the increased incidence of ILC and the relationship of ILC and use of combined hormone replacement therapy.
